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Abstract 
Energy consumption in China grows significantly with its rapid economic development, which causes 
large amount of CO2 emission and air pollutions as well. China, however, has huge potential for both 
passive heating and cooling of buildings. The potential for solar heating has been discussed in many 
studies, but that for passive cooling is still not clear. 
Potentials of evaporative cooling and radiative cooling are discussed in this paper, where potential of 
evaporative cooling is defined as the latent heat of vaporized water in summer; potential of radiative 
cooling is defined as the effective radiation from a horizontal surface. Potentials of each of the these two 
types of cooling methods are clarified by calculations using the database of Typical Meteorological Year 
for 360 locations, which was developed by one of the authors of this paper in previous studies.  
A distribution map of radiative cooling potential in China is developed, which shows that the potential 
of effective radiation increases with the elevation and latitude of locations. Potential of evaporative 
cooling depends on the difference between humidity ratio of outdoor air and that of evaporating surface. 
Equations to estimate potentials of radiative cooling and evaporative cooling are established, with which 
these two kinds of potential for any locations can be calculated with limited errors. 
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1. Introduction 
 
Energy consumption in China grows significantly with its rapid economic development, which causes 
large amount of CO2 emission and air pollutions as well. Energy consumption in the residential sector has 
been growing dramatically with the improvement of living standard. Energy conservation and natural 
cooling and heating of buildings are keys to CO2 emission reduction strategies. 
Solar heating of buildings has been discussed in many studies, but studies on passive cooling are 
much less [1] because passive cooling is more difficult and less effective than passive heating. In 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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summer, solar shading and natural ventilation are effective passive cooling methods in many regions; 
radiative cooling, evaporative cooling, as well as earth cooling are also options. The effectiveness of each 
method depends on the climatic characteristics of building locations and the design of buildings.  
In this study, using the Typical Meteorological Year of 360 locations in China, the potentials of 
radiative cooling and evaporative cooling and their distribution are calculated hourly. Regression 
equations to estimate these two kinds of potential are established with which potentials of radiative 
cooling and evaporative cooling can be calculated at any locations throughout China. The conclusions of 
this study are meaningful in passive design of buildings in China. 
 
 
Nomenclature 
CC total cloud cover  
vc                specific heat of air, J/(kg䈉K) 
vE          potential of evaporative cooling, W/m2 
f  water vapour pressure, hPa 
vH         heat of vaporization, J/kg 
k            coefficient related to the height of cloud ,- 
NR         potential of radiative cooling, or effective cooling, W/m2 
sR          downward long-wave radiation from the sky, W/m2 
aT          absolute temperature of ambient air, K 
eT          absolute temperature of ground surface, K 
wV          wind speed, m/s 
ox           humidity ratio of ambient air, kg/kg(dry air) 
sx           humidity ratio of the wet-bulb temperature at saturation, kg/kg(dry air) 
cα           convective heat transfer coefficient, W/(m2䈉K)  
-          dry-bulb temperature, °C 
'-          wet-bulb temperature, °C㻌
 
Subscript 
 
m            monthly average value 
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2. The Typical Meteorological Years for Locations in China 
 
The Typical Meteorological Year (TMY) database for building simulations has been developed by one 
of the authors since 1999 [2]. The database covers 360 locations in China including all the main cities. 
This database was developed based on observational data on temperature, humidity, etc. Because solar 
radiation is only observed at 98 meteorological observatories [3] and data on solar radiation is not 
available for most locations in China, the amount of solar radiation was estimated from temperature, 
humidity and cloud cover. The preciseness of the estimation is verified by observations at some specific 
locations [4]. 
 
3. The Potential of Radiative Cooling for Locations in China 
 
Building envelopes can be cooled by radiation especially during night when there is no solar 
radiation. Therefore radiative cooling is also called night radiative cooling even though radiation cooling 
exists during the day time as well. 
In this paper, the potential of radiative cooling is defined as the difference between the upward long-
wave radiation from a horizontal building surface and the downward long-wave radiation from the sky. In 
most regions of China, the hottest month is July; therefore the values of potential of radiative cooling in 
July are discussed.    
One of the methods estimating radiation from a cloudy sky was suggested by Philipps [5]. 
44
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where the value of Br was suggested by Yamamoto [6] as follows: 
fBr 066.051.0                                                                                             (2)          
Supposing the absolute temperature of ground surface Te to be equal to the outdoor absolute 
temperature Ta, Eq. (1) can be converted to Eq. (3): 
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Effective radiation can be estimated by: 
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Hourly effective radiation of 360 locations in China was calculated with the TMY using Eq. (4) and 
the average effective radiation in July was plotted on a Chinese map. Contours of effective radiation were 
drawn on the map as shown in Fig.1.  
The effective radiation at higher elevations is large because the downward radiation from the sky 
decreases with the decrease of atmospheric pressure and upward long-wave radiation from a horizontal 
surface does not change with elevation.  Cooling load of residential houses decreases with the increase of  
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Fig.1 A map of China with contours of effective radiation 
 
  
Fig. 2 Relations between effective radiation from hourly calculation and Eq. (5) 
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Table 1 Values of potentials of radioactive and evaporative cooling for some major cities in China 
Location Lat Long EL φm (%) 
Vwm   
(m/s) 
θm 
(䉝) 
θ'm 
(䉝) 
fm  
(hPa) 
CCm 
(1/10) 
RNm  
(W/m2)  
Evm 
(W/m2)   
BEIJING 39.93 116.28  55 66 2.1 27.4 22.6 24.3 6.7 51 74 
CHANGCHUN 43.9 125.22  238 74 3.1 24.2 20.9 22.6 6.2 49 67 
CHANGSHA 28.23 112.87  68 73 2.6 28.3 25.4 30.7 5.7 35 44 
CHENGDU 30.67 104.02  508 80 1.5 25.9 23.4 27.4 7.8 34 28 
CHONGQING 29.58 106.47  260 78 1.7 28.2 24.6 28.8 6.5 39 48 
FUZHOU 26.08 119.28  85 73 3.3 29.1 25.5 30.3 6.3 38 72 
GUIYANG 26.58 106.73  1223 78 2.7 24.0 20.6 22.3 7.0 47 61 
GUANGZHOU 23.17 113.33  42 78 1.7 28.9 25.6 30.6 7.4 34 46 
HAIKOU 20.033 110.35  24 79 2.2 28.9 25.9 31.6 6.4 37 43 
HANGZHOU 30.233 120.17  43 77 2.0 29.5 25.1 29.1 7.3 39 64 
HARBIN 45.75 126.77  143 72 2.7 23.1 19.9 21.3 6.2 51 49 
HEFEI 31.867 117.23  36 77 3.4 28.4 25.0 29.6 6.4 35 68 
HOHHOT 40.817 111.68  1065 55 2.3 22.7 16.4 15.1 6.0 74 81 
JINAN 36.6 117.05  169 69 2.9 27.6 23.3 26.0 6.1 44 72 
KUNMING 25.017 102.68  1892 77 1.5 20.4 17.5 18.5 8.2 43 36 
LANZHOU 36.05 103.88  1518 53 1.3 23.9 16.7 15.1 5.5 73 84 
LHASA 29.667 91.13  3650 60 2.0 16.0 11.0 11.1 6.8 67 65 
NANCHANG 28.6 115.92  50 74 2.0 28.8 25.9 31.6 5.7 33 45 
NANJING 32 118.80  7 77 2.0 28.7 24.9 29.3 6.7 36 53 
NANNING 22.633 108.22  126 81 1.4 28.0 25.7 31.5 7.1 32 27 
SHANGHAI 31.4 121.47  4 77 3.2 29.4 25.6 30.5 6.2 35 77 
SHENYANG 41.767 123.43  43 73 2.6 25.5 21.9 24.0 6.8 48 64 
SHIJIAZHUANG 38.033 114.42  81 55 1.4 28.1 23.1 25.2 6.4 52 61 
TAIYUAN 37.783 112.55  779 67 1.7 24.0 19.6 20.5 6.4 63 66 
TIANJIN 39.1 117.17  5 59 1.9 27.4 23.4 26.4 5.7 47 54 
URUMQI 43.8 87.65  947 41 2.8 23.9 15.1 12.1 5.1 76 138 
WUHAN 30.617 114.13  23 73 1.3 29.8 25.7 30.4 6.3 37 49 
XIAN 34.3 108.93  398 62 1.9 28.1 22.1 22.9 5.7 51 79 
XINING 36.617 101.77  2296 64 0.9 16.5 12.9 13.2 5.9 75 36 
YINCHUAN 38.467 106.20  1112 58 2.5 23.9 18.5 18.3 5.3 76 90 
ZHENGZHOU 34.717 113.65  111 77 1.9 27.5 23.7 27.1 6.2 45 48 
 
elevation [7], which implies that at a higher elevation, the cooling load is small but the potential of 
radiative cooling is large; at a lower elevation, the cooling load is large but the potential of radiative 
cooling is small.  
To simplify the hourly calculation, it is meaningful if the potential of radiative cooling can be 
approximated by a single equation. Considering the effective radiation is relative to the average values of 
the outdoor temperature, water vapour pressure in the atmosphere and cloud cover, an equation to 
estimate the monthly effective radiation is established where the coefficients are determined by the least 
square method using the Excel Solver. 
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     CC4.4732-2.442-1.267+102.98= mmmNm fR -                                 (5) 
The relations between monthly average effective radiation from hourly calculation and Eq. (5) are 
shown in Fig. 2. The values from these two methods agree with each other well. Using this equation, the 
effective radiation, i.e. the potential of radiative cooling, can be estimated at any locations in China with 
limited errors.    
  
4. The Potential of Evaporative Cooling for Locations in China 
 
Another passive cooling method discussed in this paper is evaporative cooling. Evaporative cooling 
occurs when water evaporates at water surface or wet surface. The potential of evaporative cooling is 
proportional to the difference between humidity ratio at the surface of evaporation and that of ambient air. 
Because the surface temperature of thermally insulated water is close to the wet-bulb temperature of 
outdoor air, the humidity ratio of the wet-bulb temperature at saturation is adopted as follows: 
 ) -x(x
c
α=HE os
v
c
vv                                                                                              (6)  
Potential of evaporation cooling for the 360 locations was calculated using Eq. (6), but a map with 
contours of the potential of evaporative cooling could not be produced because the values of the potential 
change dramatically from location to location. The values of the potential of passive cooling (both 
radiative and evaporative) for the major cities in China are shown in Table 1. Unlike the potential of 
rediative cooling, the potential of evaporative cooling is not influenced by elevation but by the deference 
of humidity ratio at dry-bulb and wet-bulb temperature. The largest value of potential of evaporative 
cooling occurs in Urumqi because the climate there is hot and dry in summer. 
As in the case of radiative cooling, we try to estimate the monthly values of evaporative cooling with 
a single equation. Here the dry-bulb and wet-bulb temperature difference as a parameter, because the 
difference between humidity ratio of outdoor air and humidity ratio of wet-bulb temperature at saturation  
 
 
Fig. 3 Relations between potential evaporative cooling from hourly calculation and Eq. (7) 
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can be estimated with the deference of dry-bulb and wet-bulb temperatures. Another reason of using dry-
bulb and wet-bulb temperature difference as a parameter instead of humidity ratio difference is that data 
of the former is much easier to obtain. Wind speed is also adopted as a parameter because it affects the 
convective heat transfer coefficient cα , and cα  contributes to the speed of evaporation as shown in 
Eq.(6). The equation for estimating the potential of evaporating cooling is as follows: 
    wm
'
mmvm V+ -(+=E  10.323)16.29127.84- --                                                         (7) 
The relations between values of the potential of evaporative cooling from hourly calculation and Eq. 
(7) are shown in Fig. 3. The values from these two methods agree with each other well. Using this 
equation, the potential of evaporative cooling at any locations in China can be estimated easily. 
 
5. Conclusions 
 
In this paper, potentials of radiative cooling and evaporative cooling are computed and regional 
distributions of these two kinds of potential are made clear. The main conclusions from this study are as 
follows: 
 
z The potential of radiative cooling is influenced by the elevation and latitude of locations. The value 
increases with elevation because downward radiation from the sky decreases with the increase of 
elevation while the upward long-wave radiation from a horizontal surface does not change with the 
elevation. 
z The potential of evaporative cooling is influenced by the difference between humidity ratio of 
outdoor air and humidity ratio of the wet-bulb temperature at saturation.  
z Equations are established to estimate potentials of radiative cooling and evaporative cooling, 
respectively, with which these two kinds of potential can be estimated at any locations with limited 
errors. 
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